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Usage  of  titanium  alloys  has  increased  since  the  past 50 years  despite  difﬁculties  encountered  during
machining.  Many  studies  involving  different  tool  materials,  cutting  parameters,  tool  geometry  and  cut-
ting ﬂuids  when  machining  this  important  aerospace  material  have  been  published.  However,  there  are
relatively  few literatures  available  on the  application  of ultra  hard  tools  in  the machining  of  titanium-
alloys.  The  primary  objective  of  this  study  is  to investigate  the  behaviour  of Polycrystalline  Diamond
(PCD)  tools  when  machining  Ti–6Al–4V  alloy  at high  speed  conditions  using  high pressure  coolant  sup-eywords:
igh speed machining
i–6Al–4V alloy
CD tools
igh pressure coolant
ool wear
dhesion and attrition wear mechanisms
plies.  Tool  performance  under  different  tribological  conditions  and  the dominant  wear  mechanisms  were
investigated.  Increase  in  coolant  pressure  tends  to improve  tool  life  and reduce  the  adhesion  tendency,
accelerated  by the  susceptibility  of titanium  alloy  to gall  during  machining.  Adhesion  and  attrition  are
the  dominant  wear  mechanisms  when  machining  at the  cutting  conditions  investigated.
Crown Copyright ©  2013 Published by Elsevier B.V. All rights reserved.. Introduction
Titanium alloys are utilised in many aerospace applications
ue to a combination of properties such as high strength at ele-
ated temperatures and relatively low density (ASM Handbook,
998). However, these materials are problematic to machine and
re therefore referred to as difﬁcult-to-cut as reported by Machado
nd Wallbank (1990) and Ezugwu and Wang (1997) in their reviews
bout machinability of titanium alloys.
Compared to most materials, the chip–tool interface tempera-
ures during machining are extremely high, even at lower cutting
peeds, and tend to concentrate close to the cutting edge (Ezugwu
t al., 2003). On the other hand, the main elements present in
itanium alloys (Ti and Al) have high chemical afﬁnity with most
ommercially available cutting tool materials such as high speed
teel, cemented carbide, ceramics and ultra hard; Polycrystalline
ubic Boron Nitride (PCBN) and Polycrystalline Diamond (PCD). The
trong bond existing at the chip–tool interface (Nabhani, 2001a)
nd the high diffusion rate (Bhaumik et al., 1996) in addition to the
nstability of the segmented chip formation process are responsible
or accelerated tool wear during machining (Nabhani, 2001b).
∗ Corresponding author. Tel.: +55 3432394014; fax: +55 3432394206.
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R.B. da Silva).
924-0136/$ – see front matter. Crown Copyright ©  2013 Published by Elsevier B.V. All ri
ttp://dx.doi.org/10.1016/j.jmatprotec.2013.03.008Several studies have been conducted to improve the machin-
ability of titanium alloys generally covering the usage of new tool
materials, tool geometry, cutting conditions and cutting ﬂuids, as
reported by Ezugwu et al. (2003) in their research about machin-
ability of aeroengine alloys.
The focus of recent studies is on the interactions at the chip–tool
interface. The principal focus of these studies is to reduce the
shear stress at the secondary shear zone, consequently lowering
the heat generated and tool wear during machining. One way of
achieving this is to create a thin stable interfacial layer with low
shear strength between the chip and tool by coating the tool, using
coating techniques such as physical vapour deposition (PVD) or
chemical vapour deposition (CVD). These studies have not pro-
duced any credible results mainly because of the chemical elements
applied as coatings. Most of them are based on titanium and alu-
minium which have high chemical afﬁnity with the titanium alloy
workpiece. Another way is to use cutting ﬂuids. Normally access
of cutting ﬂuids into the sliding zone reduces the friction coefﬁ-
cient and heat generation (Trent and Wright, 2000). However, when
machining titanium alloys, problems still remain, as the access of
cutting ﬂuid to the cutting interfaces cannot be maintained due to
the instability of the interfacial layer.In this study, PCD tools were evaluated in ﬁnish turning of
Ti–6Al–4V alloy at high speed machining conditions. Emulsion
based cutting ﬂuid at 6% concentration was applied at conven-
tional low pressure ﬂow rate from the overhead direction (Fig. 1A)
ghts reserved.
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Nig. 1. Schematic illustration of the main directions of coolant application (Da Silva,
006).
nd at higher pressures (7, 11 and 20.3 MPa) directed against the
hip ﬂow direction on the tool rake face (direction B of Fig. 1) in
rder to study the behaviour of the tribological system at these
onditions. Normally, according to literature, PCD tools are not the
rst choice for machining titanium alloys, although this recommen-
ation is usually for standard low pressure application of cutting
uids (Ezugwu and Wang, 1997). This study attempts to investigate
hether coolant delivered under high pressure could alter this per-
eption, since few available literatures on the use of ultra hard tools
n the machining of titanium alloys under high-pressure coolant
upplies were published so far.
. Experimental procedures
The workpiece is a Ti–6Al–4V alloy bar with a length of 300 mm
nd a diameter of 200 mm.
Tables 1 and 2 show the chemical composition and physical
roperties of the titanium alloy, respectively.
The machining trials were carried out on a CNC lathe, with an
1 kW motor drive with a maximum torque of 1411 Nm.  The spin-
le rotation speed ranges from 18 to 1800 rpm. The high pressure
oolant delivery system has a power of 30 HP, a maximum ﬂow
ate of 93.6 L/min and maximum pressure of 21 MPa. The cutting
uid is a high lubricity emulsion. The speciﬁcation, chemical and
echanical properties of the PCD tools employed are shown in
able 3.
Fig. 1 shows a schematic illustration of the possible direction of
he cutting ﬂuid application during machining. Conventional cool-
ng was applied overhead at a ﬂow rate of 2.7 L/min (direction A)
hile the high pressure cooling system, using coolant pressures of
 MPa, 11 MPa  and 20.3 MPa, were directed to the chip–tool inter-
ace (direction B), corresponding to coolant ﬂow rates of 16.9 L/min,
8.5 L/min and 20.3 L/min respectively. The coolant concentration
as consistent at 6%.
The cutting forces were measured at the early stages of
achining up to one minute, when the inserts have not suffered
ppreciated wear, with a piezoelectric Kistler dynamometer (model
441B), connected to a charge ampliﬁer. The system was managed
y Labview software, using a sampling rate of 50 Hz and the aver-
ge values calculated. The tool wear was measured with a travelling
able 1
ominal chemical composition of Ti–6Al–4V alloy (wt.%).
Chemical composition (wt.%)
Al V Fe O 
Min. 5.50 3.50 0.30 0.14 
Max. 6.75 4.50 0.23Cutting speed (m/min)
Fig. 2. Tool life at various cutting conditions.
microscope at a magniﬁcation of ×25 after washing the worn insert
in acetone to remove any adhering debris. Micrographs of the worn
tools were captured using a scanning electron microscope (SEM) at
different magniﬁcations. Analysis of the micrographs helps to iden-
tify the tool failure mode(s) of the insert and the mechanism(s)
responsible for tool failure.
The PCD inserts were used to machine the titanium alloy at the
following conditions:
- Cutting speeds (m/min): 175, 200, 230 and 250.
-  Feed rate (f): 0.15 mm/rev.
- Depth of cut (doc): 0.5 mm.
These conditions are typical of ﬁnishing operations employed
in industry. The cutting speeds were chosen based on the fact
that high-pressure cooling can enhance the cutting speed normally
employed by up to 35% over conventional coolant usage.
Tool rejection criteria stipulated are:
- Maximum ﬂank wear, VBmax = 0.4 mm.
- Nose wear, VC = 0.4 mm.
- Notch wear, VN = 0.6 mm.
- Surface roughness, Ra = 1.6 m.
- Fracture or catastrophic failure of the cutting tool.
3. Results and discussions
3.1. Tool life
Fig. 2 shows recorded tool life when machining titanium-base,
Ti–6Al–4V, alloy with PCD inserts at various cutting speeds under
conventional coolant ﬂow and at high pressure coolant supplies of
7, 11 and 20.3 MPa. Flank and nose wear are typical wear patterns
observed when machining Ti–6Al–4V alloy with PCD tools. Flank
wear rate is generally lower than the nose wear rate hence nose
wear was the dominant failure mode in all the cutting conditions
investigated in this study. Nose wear rate increased with increasing
cutting speed and with prolonged machining using all the coolant
C H N Y Ti
0.08 0.01 0.03 50 ppm Balance
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Table  2
Physical properties of Ti–6Al–4V alloy.
Tensile strength
(MPa)
0.2% Proof stress
(MPa)
Elongation (%) Density (g cm−3) Melting point (◦C) Measured hardness
(C.I.–99%)a HV100
Thermal conductivity
at 20 ◦C (W m−1 K−1)
900–1160 830 8 4.50 1650 Min. = 341 6.6
Max. = 363
a CI: Conﬁdence interval of 99%, represented by the minimum (Min.) and maximum (Max.) values.
Table 3
Speciﬁcation, chemical and mechanical properties of the PCD tool.
ISO designation Chemical composition (wt.%) Hardness
(Knoops) GPa
Density
(g cm−3)
Thermal conductivity
at 20 ◦C (W m−1 K−1)
Grain
size (m)
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coolant pressure, respectively.
The differences among the cooling conditions are evident from
Fig. 3. The highest cutting forces were generated when machining
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upplies investigated. Tool life generally decreased with increasing
utting speed when machining with both conventional and high
ressure coolant supplies. According to Gorczyca (1987), this rela-
ion between cutting speed and tool life is due to the reduction in
he tool-chip contact length and the consequent increase in tem-
erature, as well as increase in both normal and shear stresses at
he tool tip/cutting region.
Signiﬁcant improvement in machining productivity was  gener-
lly obtained when machining with high pressure coolant supply
han with conventional coolant ﬂow. Da Silva (2006) reported
hat rapid increase in nose wear rate occurred when machining
i–6Al–4V alloy with PCD tools using conventional coolant ﬂow
t the cutting conditions investigated. The ability to remove heat
rom the cutting tool increases with increase in coolant pressure.
achado (1990) observed signiﬁcant reduction in tool tempera-
ure when machining superalloys, achieved through high pressure
oolant delivery. This author also reported that strength of cut-
ing tools was  improved. This tends to minimise tool wear, thus
ncreasing tool life.
It can be seen in Fig. 2 that there is a signiﬁcant reduction in tool
ife when machining at higher speed conditions. Increase in cut-
ing speed lowers friction at the cutting interfaces due to the rapid
ow of the chip and workpiece past the tool cutting edges (Trent
nd Wright, 2000). This, however, is accompanied by increases
n heat generation at the chip–tool and tool–workpiece inter-
aces, consequently accelerating tool wear by thermally related
ear mechanisms. Also, according to Trent and Wright (2000), the
eizure zone cannot be accessed by cutting ﬂuid due to strong
tomic bonds and complete contact at the chip–tool interface.
he ﬂuid can, however, access the sliding zone thus lowering fric-
ion and heat generation relative to dry machining. It is therefore
ossible that the access of coolant to the sliding zone can be fur-
her improved with high coolant pressure. Machado (1990),  in his
nvestigation about machining of titanium alloy, observed signiﬁ-
ant reductions in sticking and sliding zones when high pressure
oolant was employed instead of conventional overhead cooling
ystem. He recorded up to 30% reduction in the tool-chip con-
act length when machining Ti–6Al–4V alloy with high pressure
oolant supply. Additionally, according to Machado and Wallbank
1994), exchange of heat at the cutting interfaces during machin-
ng is higher under high coolant pressures than with conventional
oolant ﬂow, hence temperature at the cutting zone is reduced sig-
iﬁcantly. Cutting ﬂuid applied from overhead tend to boil and
aporise on contact with the high temperatures at the primary
hear zone. This phenomenon will hinder access of fresh coolant
o the cutting interfaces, as discussed in the study about properties
f of metal working ﬂuids developed by Sales (1999).  This consti-
utes a negative behaviour from heat transfer standpoint. However,
utting ﬂuid applied at high pressures can minimise or completely4.12 540 10
eliminate this negative effect by accessing very close to the cutting
edge to provide a better cooling effect.
The lowest tool life was  recorded with conventional overhead
coolant application. Over 20 fold improvement in tool life was
achieved when machining Ti–6Al–4V alloy at high pressure coolant
supply of 20.3 MPa  relative to the conventional coolant ﬂow. Fig. 2
also shows that there was  negligible difference in tool life recorded
when machining at the coolant pressures investigated at cutting
speeds in excess of 200 m/min. Therefore, coolant access to the
chip–tool interface reduces with increasing cutting and chip speeds
since the chip ﬂow has enough energy to reduce or expel cutting
ﬂuid before it arrives at the interface, even under high pressure. Pro-
nounced difference in the tool life was obtained at a lower speed
of 175 m/min  where the longest tool life was  recorded at a coolant
pressure of 20.3 MPa  followed by 7.0 MPa
3.2. Component forces
Fig. 3 shows cutting forces recorded when machining the tita-
nium (Ti–6Al–4V) alloy with PCD inserts at various cutting speeds
under conventional coolant ﬂow and high pressure coolant sup-
plies. Because the cutting ﬂuid jet plays inﬂuence on the force
measuring system, the inherent forces associated with the jet were
discounted in this analysis, by quantifying them when running
the lathe machine without any cutting action, with the toolholder
about 10 mm away from the workpiece. The discounted force val-100
160 170 180 190 200 210 220 230 240 250 260
Cutting speed (m/min)
Fig. 3. Cutting forces at various cutting conditions.
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fig. 4. Feed forces generated when machining with PCD tools at various speed
onditions.
ith 11 MPa  coolant pressure at cutting speeds of 200 and
30 m/min  while machining with 20.3 MPa  coolant pressure pro-
uced the lowest cutting forces. In general, cutting forces increased
ith speed when machining under conventional coolant ﬂow sup-
ly and they varied from 160 to 200 N. These values were slightly
ower than when machining with the pressures of 7 and 11 MPa.
Fig. 4 shows plots of the feed forces recorded when machining
he Ti–6Al–4V alloy with PCD inserts at various conditions. Like
he cutting forces, the highest feed forces were generated when
achining with 11 MPa  coolant pressure at speeds of 200 and
30 m/min. There was minimum variation in the cutting and feed
orces when machining at 7 MPa  coolant pressure (Figs. 3 and 4).
he higher component forces recorded when machining with high
ressure coolant supplies may  be associated with the inherent reac-
ive forces of the coolant jet, as reported by Bonney (2004) from his
esearch work of machining of Inconel 718 using various coolant
ressures. Da Silva (2006) also observed the presence of inherent
eactive forces when machining Ti–6Al–4V alloy with medium and
igh pressures coolant supplies. Also, similarly to that observed
ith cutting forces, lower feed forces values, varying between
18 N and 168 N, were recorded when machining with conven-
ional coolant ﬂow compared to other coolant pressure supplies
mployed.
.3. Wear mechanisms
Fig. 5 shows the worn surface of the tool after machining
ith conventional overhead coolant supply at 200 m/min  for about
 minutes. The worn rake face shows evidence of adhesion of the
orkpiece material due to high chemical afﬁnity between titanium
rom the workpiece and carbon from the cutting tool.
Fig. 6. Worn PCD inserts after machining with 7 and 11 MPa coolant pressures at aFig. 5. Worn PCD insert after machining at 200 m/min for about 5 min  using con-
ventional coolant ﬂow supply.
Machining at a speed of 200 m/min  generates high tempera-
ture at the chip–tool interface that can encourage adhesion on the
tool rake and ﬂank face as evidenced by plastic ﬂow of the work
material.
Figs. 6–10 show micrographs of worn tools after machining
Ti–6Al–4V alloy under high pressure coolant supply of 7 MPa,
11 MPa  and 20.3 MPa.
Adhesion wear mechanism frequently occurs when there is
chemical afﬁnity between the tool and the workpiece material
(Bhaumik et al., 1996). Another relevant phenomenon relating
to the tribological system behaviour is the high chip–tool inter-
face temperature. This combines with the chemical afﬁnity at the
cutting interfaces to drastically lower tool life during machin-
ing. Instability in the chip formation, high compressive stress,
oscillations in the cutting process, and high cutting temperature
accelerate diffusion and attrition (stick-slip, followed by plucking
action) wear mechanisms.
Interdiffusion of titanium and carbon has been reported else-
where (Kramer, 1987). The diffusion process results in the
formation of titanium carbide layer on the tool, which prevents
which prevents further diffusion (Hartung and Kramer, 1982). Sim-
ilar result was  reported by Bhaumik et al. (1996) when machining
titanium alloys with PCBN tools, in this case forming different com-
pounds.
Although attrition is frequently associated with lower cutting
speeds, it can also occur in situations where intermittent contact
exists at the chip–tool interface. Segmented chip are generated
at both lower and higher speed conditions when machining tita-
nium alloys. This phenomenon can enhance the stick-slip process,
 speed of 175 m/min. 7 MPa  (tool life = 97.3 min). 11 MPa  (tool life = 68.3 min).
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Fig. 7. Worn insert after machining with 11 MPa  coolant pressure at a speed of
200 m/min  (tool life = 37.4 min).
Fig. 8. Worn PCD insert after machining with 11 MPa  coolant pressure at a speed of
230  m/min (tool life = 17.5 min).
Fig. 9. Worn PCD insert after machining with 20.3 MPa  coolant pressure at a speed
of  200 m/min  (tool life = 50.5 min).Fig. 10. Worn PCD insert after machining with 20.3 MPa  coolant pressure at a speed
of  250 m/min  (tool life = 8.3 min).
removing from the rake and ﬂank faces minute amount of tool
particles by plucking action, thus accelerating tool wear. Cutting
tool surfaces that are subjected to stick-slip action during machin-
ing show a characteristic rough texture as illustrated in Figs. 6–10.
The plucking process tends to be accelerated by the application of
high pressure coolant which is capable of removing any loose tool
material from the rake face and can also erode the brittle PCD tool
material.
Flank (nose) wear is the dominant failure mode when machining
with conventional coolant ﬂow. There is an appreciable increase in
crater wear when machining with high pressure coolant supplies. It
has been reported that PCD tools have high resistance to crater wear
when machining titanium alloys with conventional coolant ﬂow
(Klocke and Gerschwiler, 1996). Although the use of PCD tool for
machining titanium alloy may  ﬁrst appear inappropriate, the use
of cutting ﬂuid applied, particularly under high pressures showed
encouraging results thus making this option a strong contender
among few options available for machining titanium alloys.
3.4. Chip formation
Fig. 11(a) shows long continuous ribbon like chips produced
when machining Ti–6Al–4V with conventional overhead coolant
supply at a cutting speed of 200 m/min. This type of chip is gen-
erated by the shearing of the work material along the primary
shear zone. They are undesirable in the manufacturing industry as
the machining process has to be stopped periodically to clear the
chips from the machining area in order to prevent swarf entan-
glement with the cutting operation and consequent fracture of
the cutting tool. Machining of Ti–6Al–4V alloy with higher coolant
supply pressure up to 20.3 MPa  produced smaller and well con-
trolled arc shaped chips (Fig. 11(b)). High pressure coolant delivery
is achieved when the cutting ﬂuid is delivered to the cutting region
with higher ﬂow pressures, generally in the range of 0.5–360 MPa
(Mazurkiewicz et al., 1989). The high pressure coolant ﬂow tra-
verses the surface faster, signiﬁcantly lowering the ﬁlm boiling
action of the coolant, penetrating deep into the cutting area and
achieving high chip breakability through increased chip up-curl
(Wertheim et al., 1992). This consequently reduces the tool–chip
contact area, minimises friction at the tool–chip interface, limits
heat transfer to the cutting tool and consequently improving tool
performance during machining (Ezugwu et al., 2011).
The high pressure coolant jet tends to lift the chip resulting to
a reduction in the tool–chip contact length (Ezugwu et al., 1990)
and the chip curl radius. Reduction in the chip curl radius is a
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rerequisite for efﬁcient chip breaking, hence high pressure coolant
upply aid the chip breaking process. Also chips generated when
achining titanium alloys are highly segmented due to a grad-
al build-up of segments on the shear plane as a result of shear
ocalised at a narrow band (Komanduri and Von Turkovich, 1981).
he highly strained chip segments are loosely held together, thus
he slightest change in tool-chip contact length by the high pres-
ure coolant jet will affect chip segmentation. Severe tool wear
an eliminate the sintered-in chip breaker groove on the cutting
nsert, adversely affecting the chip breaking action. This action gen-
rally produces long and continuous chips. The use of high pressure
oolant supplies signiﬁcantly enhances the chip breaking action
uring machining.
. Conclusions
Substantial improvement in tool life ranging from 9 to 21 folds,
can be obtained when machining Ti–6Al–4V alloy with PCD
tools with high pressure coolant supplies relative to conventional
coolant supply.
The best results were encountered with the highest (20.3 MPa)
coolant pressure at lower speed conditions. There is no signiﬁcant
difference in tool performance when machining at higher speed
conditions.
Flank (and nose) wear are the dominant failure modes when
machining the titanium, Ti–6Al–4V, alloy with PCD inserts using
conventional and high pressure coolant supplies.ng Technology 213 (2013) 1459– 1464
• Adhesion and attrition are dominant wear mechanisms at the
cutting conditions investigated.
• Segmented chips were generated when machining with high
pressure coolant supply, while long continuous chips were gen-
erated when machining with conventional coolant ﬂow.
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